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Criteria for Ultrastable Operation of the Trapped lon
Frequency Standard

R. L. Tjoelker, J. D. Prestage, and L. Maleki
Communications Systems Research Section

The leading systematic perturbations to the JPL mercury trapped ion frequency
standard under present operating conditions are characterized. Sensitivity of the
standard to environmental variations is measured, and the required regulation of
key components to obtain a stability of 10716 is identified.

l. Introduction

The 40.5-GHz atomic ground-state hyperfine “clock”
transition of ®°Hg? [1] has been measured in the JPL
trapped ion frequency standard to have a corresponding
line Q = v/Av greater than 102, the highest ever mea-
sured in a microwave transition. A good signal to noise
ratio (SNR) is achieved with as many as 3 x 107 ions in a
linear ion trap (LIT)[5]. This high Q, together with im-
proved SNR, has resulted in a demonstrated performance
of 1 x 107'3/,/7 [2,3] where T represents the averaging
time interval.

The achievement of long-term stability depends upon
the sensitivity to, and degree of isolation from, external
influences. Because of their large mass and large hyperfine
splitting, mercury ions provide a standard that, in general,
1s much less sensitive to environmental variations than hy-
drogen and cesium. Though sensitivities are greatly re-
duced, several offsets of the Hg" clock-transition frequency
still exist under practical operating conditions. The ob-
tainable long-term stability depends directly on the stabi-
lization of these offsets. Under the present operating con-
ditions, the fractional frequency stability of the trapped

ion standard has been measured to be better than 2x10~15
with 24,000-sec averaging times [2,3].

In this article, the leading perturbations and limitations
to the present performance of the JPL mercury trapped ion
frequency standard are quantified. Environmental sensi-
tivity of the standard is measured, and the operating pa-
rameters required to reach a long-term stability of 10~16
are identified.

Il. Operation of the lon Trap Standard

In the present operational configuration (Figs. 1 and
2), 199Hgt ions are created inside the trap by an electron
pulse along the trap axis, which ionizes a neutral back-
ground vapor of 1°°Hg obtained by heating isotopically
purified (= 96-percent) HgO powder. Collisions with a
helium buffer gas (=~ 10~° mbar) cool the ions to thermal
equilibrium with the vacuum enclosure, currently kept at
room temperature. Resonance ultraviolet radiation (UV)
(194.2 nm) from a ?°?Hg discharge lamp optically pumps
the ions into the F' = 0 hyperfine level of the ground state.
To minimize scattered light, the state-selection light is col-
lected in a pyrex horn. Microwave radiation (40.5 GHz)
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to transfer the population to the F' = 1 ground state en-
ters the trap region through the pyrex horn and in a direc-
tion opposite to the UV state selection/interrogation light.
This allows collection of atomic fluorescence in both direc-
tions perpendicular to the incident pumping light. Cur-
rently, fluorescence is collected in only one of these two
directions. Inclusion of a second light-collection system
should improve the SNR by /2.

The loading, state preparation, and interrogation cycle
has been previously described [6]. After the 1°Hgt ions
are pumped into the 251/2(F = 0,m = 0) state, the tech-
nique of successive oscillatory fields [4] is used to probe
the approximately 40.5-GHz hyperfine clock transition to
the 25,/,(F = 1,m = 0) state, Fig. 6(a). It is necessary
to switch the UV state-selection/interrogation light level
to near zero during the microwave interrogation period
to prevent light shifts and broadening of the clock transi-
tion. After application of the second microwave pulse, the
UV light is again turned back on to determine if the mi-
crowaves were on resonance and if they successfully trans-
ferred the population to the F' = 1 state. A background
light level between 10° and 5 x 10° counts per 1.0-sec
collection period is subtracted to observe the resonance.

lll. System Sensitivity and Systematics
A. Second-Order Doppler Shift

The largest frequency perturbation in standards based
on jons confined in rf ion traps typically results from the
motion of the ions (micromotion) due to the oscillating
trapping fields via the second-order Doppler effect (rela-
tivistic time dilation). In order to increase the number of
stored ions with little corresponding increase in second-
order Doppler shift, a hybrid rf/dc linear ion trap is used
[6]. This trap confines ions along a nodal line of the rf
field. The trapping force transverse to the nodal line is
generated by the ponderomotive force as in conventional
hyperbolic Paul traps, while the axial trapping force is
provided by dc electric fields.

Since the distance from the nodal line determines the
magnitude of the rf trapping field, the second-order Dop-
pler shift is reduced from that of a hyperbolic trap for the
same number of ions by a factor of (5/3)Rspn/L, where
Rpn is the radius of a hyperbolic trap and L is the length
of the linear ion trap. Ions in a long linear trap (where end
effects are negligible) show a second-order Doppler shift of

(F),.=(va)T 0
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where N/L is the linear number density of ions in the trap
[56]. For mercury, this fractional frequency shift is

Af\ - N
(_f—) e = — (3.8 x 10~%! meters) T (2)

Within the linear trap, the absolute second-order Doppler
shift due to the trapping fields is greatly reduced, while
allowing for an increased ion number and SNR.

Confinement lifetimes ranging from 2000-14,500 sec
have been measured, depending upon the trap’s well depth
and background pressure. Even though the second-order
Doppler shift and the sensitivity to ion-number fluctua-
tions is reduced by using the linear ion trap, for ultrastable
operation it still is necessary to keep the number of ions
(N) in the trap fixed. The number is kept nearly constant
(better than 0.1 percent) through repeated loading of the
trap, though currently there is no active number stabiliza-
tion. Once each interrogation cycle [6] (ranging from = 5-
30 sec), a filament is pulsed, which emits electrons to ionize
the neutral mercury in the trapping region. The equilib-
rium ion number is attained when the loading rate and loss
rate are equal. The stability of the ion number over very
long times depends on the stability of the background pres-
sure of neutral mercury, filament emission, electron energy,
electron pulse duration and duty cycle, and trap potentials
(rf and dc). For the data presented in [2,3], these parame-
ters have been regulated to a level summarized in Table 1.
When the ionizing electrons are turned off, the number-
dependent second-order Doppler shift from ion motion is
directly observed by measuring the clock frequency as the
ion number N decays (Fig. 3). By using Eq. (1) the mea-
sured frequency offset of 1.5 x 1012 corresponds to about
3 x 107 ions, with the endcap potential of Vgc = 10 V.

If the background mercury pressure and electron pulse
duration are sufficiently large, some passive stabilization is
apparently achieved by filling the trap to a saturation level
for a given voltage on the end electrodes. These electrodes
are thin needles with a diameter of 2 mm [5]. Depending
on the geometric details, the endcap electrodes can provide
a limiting radius beyond which ions are no longer confined
[7]. Under present operating conditions, the number sta-
bility is better than 0.1 percent, based on the measured
stability of 2 x 10~15 over the 24,000-sec averaging times
(2,3].

In Fig. 4(a), the frequency shift as a function of the
potential Vgc on the endcaps is shown. This shift corre-
sponds to a change in the average ion cloud radius. Fig-
ure 4(b) shows the measured peak amplitude (observed flu-



orescence) of the clock resonance versus the same variation
in endcap voltage. This suggests that the frequency offset
in Fig. 4(a) is due in part to variations in Hg* number.
Further analysis of the potentials may provide a higher de-
gree of number control in a passive way—a useful feature
for a practical frequency standard.

B. Background Pressure Shifts

A buffer gas of neutral helium is used to cool and keep
the Hgt ions in near-thermal equilibriumn with the room-
temperature vacuum enclosure. Slowing and cooling the
ions allows them to become bound in the trap and reduces
the radial extent of a given ion cloud, thus reducing the
second-order Doppler shift. However, collisions between
the mercury and helium buffer gas perturb the mercury
hyperfine transition. The measured fractional frequency
offset corresponding to helium pressure for a fixed set of
loading conditions is shown in Fig. 5.

This dependence was first discussed by Cutler et al. [8].
At low pressures the quantity of helium is not sufficient
to cool the trapped ions into thermal equilibrium with
the vacuum enclosure. Instead, the mercury tempera-
ture rises with reduced helium pressure, which produces an
increased thermal second-order Doppler shift of
3.2 x 10712/10% mbar. For helium pressures higher than
6 x 10=® mbar, the sensitivity is reduced to
1.1 x 10~!3/107° mbar. In this region, the mercury ions
are in thermal equilibrium and the predominant frequency
dependence is a hyperfine shift due to collisions {9]. Cur-
rently, the helium pressure is measured with an ionization
gauge, and the measured level is used to servo the heater of
a quartz helium leak to hold the pressure constant. To re-
duce sensitivity to pressure fluctuations, yet operate with
as little helium as possible, the operating pressure is typi-
cally 8 x 10~% mbar.

In the present vacuum configuration (Fig. 1), the trap
region is differentially pumped to a 40 1/sec turbo pump
and the HgO source cannot be isolated from the trap vac-
uum. The partial helium pressure of 8 x 10~ mbar consti-
tutes the largest component of the background gas. The
partial pressure of neutral 1°Hg is about 10~% mbar. The
helium is responsible for a fractional frequency offset of
about 10713, and the presence of mercury (and presumably
oxygen) most likely also perturbs the absolute frequency,
though to a lesser extent, by several orders of magnitude.

Recently other gas contaminants have been reported
to contribute significant systematic shifts in microwave
atomic frequency standards. At the National Institute of
Standards and Technology (NIST), a pressure-related shift

of 22 10713 has been reported in the Be* hyperfine clock
transition due to a 10~!%-mbar background of methane
[10]. Control of trace amounts of background gas may
be important in reaching the highest performances in ion
traps. The best alternative is total elimination through
source identification or perhaps cryogenic vacuums. An
improved vacuum resulting in an increased confinement
lifetime may also alleviate limitations due to number fluc-
tuations.

C. Magnetics

The Zeeman energy levels of the ground state of 1*°Hg*
as a function of magnetic field are shown in Fig. 6(a). The
clock transition 25 5(F = 0,m = 0) to 25y /o(F =1,m =
0) is field-independent to the first order. The second-order
field dependence is

v(B) = 40.507347997 GHz + 9782 [gﬁ-] (3)

The fractional sensitivity of this transition to magnetic
field variations is more than 800 times less than that of
hydrogen and nearly 20 times less than with cesium at the
same operating field. A Helmholtz coil centered on the
trapping region is used to apply a constant magnetic field
B. The minimum operating field depends upon the field
homogeneity and interrogation time. Presently the oper-
ating field must be > 35 mG. At 35 mG, the unshielded
atomic sensitivity is 1.7 x 107'3/mG. To reach 1 x 1071°
frequency stability, the current in the Helmholtz-field bias
coils must be stable to 2 x 10~%. To prevent ambient field
disturbances from influencing the ion hyperfine frequency,
the trap region is surrounded by a triple-layer magnetic
shield with a shielding factor specified to be > 10,000.
With this shielding factor, changes as large as 5 mG would
lead to a 1 x 10~ 16 fractional frequency shift.

Fluctuations in the ambient magnetic field are typically
less than 1 mG peak to peak. It is useful to examine
these fluctuations over time and infer an equivalent Al-
lan deviation (i.e., fractional frequency) to the magnetic
environment. Figure 7(a) shows measurements of mag-
netic fluctuations averaged over time and scaled with the
trapped ion sensitivity (for B = 50 mG and a shielding
factor of 10,000). This trace exemplifies the inherent in-
sensitivity of the mercury ion standard to magnetic field
fluctuations. Currently, magnetic fluctuations are not a
limiting systematic until below 107!¢ stability.

Magnetic gradients are more of an immediate concern
towards reaching higher frequency stability since gradients
over the ion cloud will degrade atomic coherence and limit
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line Q. The linear trap geometry is susceptible to field
inhomogeneities, and field gradients are a limitation to
long interrogation times. Even though the materials of
the trap are carefully selected for their nonmagnetic prop-
erties, small paramagnetism of the trap, vacuum enclosure,
and supporting materials result in small gradients across
the ion cloud. On the same order, gradients also result
from the field produced by the Helmholtz coils that are
located inside the magnetic shields. To achieve high line
Q, a partial solution has been to operate the standard in
a relatively high magnetic field (> 35 mG).

A related situation resulting in loss of line Q is shown
in Figs. 6(b) and 6(c). In this case, the Ramsey signal
is lost when the Zeeman splitting of the magnetic states
28172(F = 1,m = +£1) is near the ion motional frequency
of 500 kHz. This region must be avoided by proper choice
of the trapping frequency in relation to the operating mag-
netic field.

D. Optical Pumping and Detection System

The optical pumping for state selection and interroga-
tion with 194-nm light is a most critical area, one where
improvements may lead to substantial gains in perfor-
mance through increased SNR. The greatest difficulty is
minimizing unwanted scattered light due to the use of a
lamp as the optical pumping light source. Laser excitation
would greatly improve the SNR through low background
rates. Unfortunately, laser systems at 194 nm are not
presently suitable for practical frequency standards that
perform with long-term stability. With the present optics
system, the achieved SNR is typically 40.

The lamp is dimmed during the Ramsey interrogation,
since a light shift of 1.2 x 10~'%/1000 counts is observed.
The typical counts during each interrogation result in an
offset of 10715, though fluctuations in the count number
are an order of magnitude lower.

E. Microwave Source: Local Oscillator

The multiplier chain (100 MHz-40.5 GHz), amplifiers,
cabling, and waveguide to generate and transport the ap-
proximately 40.5-GHz microwave signal to drive the Hgt
transition are not thermally regulated in the current appa-
ratus. Because of the high degree of temperature control
in the Frequency Standards Laboratory (FSL), this has
not been a limitation at JPL. The microwave source did
show sensitivity to temperature fluctuations during recent
tests at Goldstone station DSS 13. An engineering version
will need thermal regulation.

The short-term performance of the passive ion trap
standard is dependent on the local oscillator (LO) and
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multipliers used to produce 40.5 GHz. Hydrogen masers,
excellent quartz crystals [2,3], and the JPL superconduct-
ing cavity maser oscillator (SCMO) have been used as the
LO. In a free-run mode, stability is limited by the LO, and
for practical purposes this mode of operation is only valu-
able for diagnostics and systematic measurements. With
feedback, all three of these sources have been steered, and
in principle compensate for environmental shifts in the LO.

F. Temperature Shifts

At the present time, no thermal regulation is incorpo-
rated into the ion standard itself, and only the helium-leak
heater is actively regulated. The fractional temperature
sensitivity of the complete system is less than 10~14/deg C
as measured by varying the temperature in one of the test
chambers at JPL’s FSL. Using this sensitivity, the temper-
ature control in the test chamber is displayed in Fig. 7(b)
as an inferred Allan deviation. Most of the measured sen-
sitivity seems due to an increase in neutral mercury vapor
and a consequent increase in ion number (and therefore
cloud radius and second-order Doppler shift). The mer-
cury lamp and its housing must also be temperature con-
trolled because the 194-nm UV brightness is highly depen-
dent on the operating temperature. In the present version,
the temperature and local atmosphere are controlled by
blowing dry nitrogen gas over the tip of the bulb, which
controls the 202Hg pressure and prevents ozone formation
around the lamp.

Since the lamp (on average < 7 W) is inside the mag-
netic shields, the equilibrium-operating temperature de-
pends on the duty cycle of the lamp operation. The time
constant for the lamp and surrounding apparatus to reach
thermal equilibrium is about 3 hr after starting with new
settings. A recent addition of a nonmagnetic shutter con-
structed from a piezoelectric bimorph now allows the lamp
to run continuously, which eliminates temperature fluc-
tuations when changing to different duty cycles. Small
temperature changes in the vacuum enclosure would also
slightly raise the equilibrium helium temperature, though
the second-order Doppler shift due to thermal motion is
significantly lower than the shift due to the trapping fields
(Fig. 8).

The neutral mercury pressure in the trap region de-
pends on the temperature of the HgO source and on the
details of the sublimation process, which may vary with
time. Temperature control on the heater is currently about
0.2 deg C out of 200 deg C. Higher regulation is needed,
though an active ion-number control would eliminate the
need for high regulation on this heater and the reliance on
the stability of the HgO sublimation process and rate.



G. Transportability and Vibration Sensitivity

In order to determine sensitivity to transportation and
actual field conditions, the unit was transported to the
Goldstone complex and operated at DSS 13. The “labora-
tory” unit successfully demonstrated transportability, and
the complete system was operational less than 24 hr after
arrival at Goldstone from a cold start. The overall perfor-
mance was similar to that at the FSL. Since no thermal
regulation was integrated into the standard, temperature
fluctuations at DSS 13 were the limiting systematic.

The ion trap was under study in the FSL during the
June 28, 1991 magnitude-5.8 earthquake. Table 2 shows
the relative frequency shift between frequency standards
under test at the FSL and to the NIST time scale via
the Global Positioning System (GPS). The JPL hydro-
gen masers DSN2 and DSN3 showed large shifts, while
the ion trap showed no shift with respect to the commer-
cial standards by HP (Cesium clock) and SAO (Hydrogen
Maser) as well as the NIST (GPS) reference. Unlike these
commercial standards, the present “laboratory” version of
the ion trap has no vibration isolation incorporated. The
earthquake exemplifies the insensitivity of the trapped ion
standard to mechanical stress and low-frequency vibration.

IV. Summary

Short-term performance can best be improved by in-
creased SNR and higher line Q. Improved optical systems

and geometries offer the most promise for achieving sig-
nificant improvements in SNR. Improved magnetic homo-
geneity and vacuum control are the most critical areas for
achieving even higher line Q’s.

The environmental sensitivity of the JPL linear ion trap
frequency standard has been measured. The long-term
stability depends on the sensitivity of the atomic system
to changes in environmental and operating parameters and
on the ability to control and stabilize such parameters.
The major frequency offsets under current operating con-
ditions are summarized in Fig. 8, and the system sensi-
tivities, present regulation, and regulation required for a
stability of 10~ 16 are summarized in Table 1. The ion trap
serves as a practical high-performance frequency standard
with long-term stability as good as the regulation will al-
low. Long-term regulation of the ion number appears to be
the most immediate challenge in reaching higher frequency
stabilities. In the present mode of operation, further tem-
perature regulation of the HgO heater will help, though
active lon-number stabilization may be required.

A second system now under development will entail a
higher degree of regulation and engineering, which is ex-
pected to improve long-term performance. Since measure-
ments greater than 24,000 sec are already limited by the
reference hydrogen masers [2,3], this second system will
also provide the means for measuring and quantifying the
achievable long-term stability with ion trap technology.
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Table 1. Present sensitivity and regulation of the trapped Hg*t frequency standard.

. T Present Required for
Systematic Sensitivity regulation® 1016 seability®
Temperature
FSL chamber (23 deg C) (8%) & =-9x 10715 [11] AT £ 0.08 deg C AT < 0.01 deg C
Magnetic field
Helmholtz supply (B = 35 mQG) (—ﬁ%) :1; =17 x 10—13 [m_IG'] # <2x 10—8 ATI <2x107%
Ambient fluctuation (ABoyu¢ < 5 mG) %‘ﬂ: ~ 10—t 'A'A_BEMT <10~%
Pressure
; — -6 Av) 1 — - 1 AP AP
Helium (P = 8 x 10~6 mbar) (85) 1 =11x 10713 [l ] AP <0.009 AP <o0.001
Second-order Doppler
(ion-number dependence)
Endcap potential (V > 10 V) (82) L = -2.4x 107 [{] AV <1mV AV <1mV
(V<8V) (85) 1 =-25x10"12[}] AV <1mV AV <03 mV
Filament emission (300uA) (A—;) L=_12x10-% [7};] é]l <3x1073 -ATI- <3x107*
HgO heater (% 200 deg C)(V > 10 V) (4%)1=-2x10"14 [de; c] AThgo <02 deg C  ATygo < 0.004 deg C
(V<86V) (8r) L =-8x1071 1o ATygo <02deg C  ATygo < 0.01 deg C
Light shift
Dim lamp (% 3000 Hz) (42) 1 =12x107¢ [de;] 21 <007 £1 <0.03

a Peak-to-peak fluctuation or drift over 2 X 10® sec.
b Worst-case assumes no averaging of fluctuations.

Table 2. Permanent frequency otfset of Frequency Standards Laboratory
clocks as compared with hydrogen masers DSN2 and DSN3, which resulted
from the 5.8-magnitude earthquake of June 28, 1991.

DSN2 versus DSN3 4x 101
DSN3 versus HP 5061B (cesium) —2.05(5) x 10712
DSN3 versus SAO26 (H-maser) —~2.05(5) x 10~12
DSN3 versus JPL LIT (Hgt linear ion trap) —-2.06(5) x 1012
DSN3 versus NIST/GPS —1.97(5) x 10712
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using the measured environmental sensitivity of the trapped ion frequency standard.
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The largest fractional frequency otfsets to the 199Hg+ clock transition in the linear
trap under present operating conditions.



